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ABSTRACT. We demonstrate electric bistability induced by the positive feed-
back of self-heating onto the thermally activated conductivity in a two-terminal
device based on the organic semiconductor Cgg. The central undoped layer
with a thickness of 200 nm is embedded between thinner n-doped layers ad-
jacent to the contacts minimizing injection barriers. The observed current-
voltage characteristics follow the general theory for thermistors described by
an Arrhenius-like conductivity law. Our findings including hysteresis phenom-
ena are of general relevance for the entire material class since most organic
semiconductors can be described by a thermally activated conductivity.

Temperature-activated processes are omnipresent, e.g. in chemical and biochem-
ical reactions or charge carrier and exciton transport and trapping dynamics in
solids. Current flow through a solid generates Joule heat, resulting in an increased
temperature with respect to the environment. In materials with a positive tempera-
ture coefficient of the conductivity, a rising temperature induces a current enhance-
ment and an increased power dissipation, so that this electrothermal feedback loop
favors a self-heating mechanism limited by heat losses towards the surroundings.
This self-heating phenomenon was first studied in the investigation of the electri-
cal breakdown of dielectrics induced by a thermal runaway [Il 2], where above a
certain threshold voltage the cooling of the device is no more sufficient to keep the
system in a stationary state. Furthermore, self-heating induces many thermal run-
away and switching phenomena, including chemical reactions [3], thermistors [4, [5],
semiconductors [0 [7], and transport through thin films [8, 9] [10]. Here, we show
that thermal runaway phenomena are also crucial for the materials class of organic
semiconductors, which is currently intensively investigated due to its interesting
physics and promising device applications.

For materials with Arrhenius-like conductivity laws, self-heating phenomena only
occur for activation energies E, > 4 kgT,, where kg denotes Boltzmann’s constant
and T, the ambient temperature, see [I1]. A characteristic feature of organic semi-
conductors is a temperature activated conductivity arising from hopping transport.
Typically, the mobility p of carriers follows a law p o< exp(—const/T™), where n
varies between 1 and 2 depending on the charge carrier concentration [I2]. In disor-
dered organic semiconductors, the density of states can be described by a Gaussian
proportional to exp[—3(E — Ey)?/0?]. The width o is usually in the range be-
tween 2 kgT,, and 6 kgTy, resulting in activation energies of 4 kgT, to 36 kgT, [13].
At interfaces between the organic materials and metallic contacts, injection bar-
riers up to several tenths of an eV result either in thermionic injection or in the
formation of a Schottky barrier. It is common practice to reduce these injection
barriers by doping the layers adjacent to the contacts, resulting in Arrhenius-like
conductivity-temperature laws [14].

Surprisingly, even though activation energies above 4 kg7, are quite common in
organic semiconductors, the positive feedback between Joule heating and a subse-
quent thermal runaway has not been observed yet. The crucial role of Joule heating
on the device performance has already been considered for fast rectifying diodes
[15] and for organic light-emitting diodes (OLEDs) [16]. However, in these devices
a thermal runaway was probably inhibited by a series resistance within the circuit,
arising e.g. from an indium-tin-oxide electrode.
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Here, we demonstrate electrothermal bistability for vertical crossbar structures
based on the organic semiconductor Cgg. It is shown that an abrupt turnover from
a low conductive to a highly conductive state follows in a natural way from the
current-voltage characteristics predicted by theory.

First, we summarize the theory of self-heating for a thermally activated conduc-
tivity and suppose in the following that the isothermal current-voltage relation for
the circuit is given by a power law

(1) Liso(U,T) = ref< cl )QF(T)

Uref

with a positive exponent a and a temperature-dependent conductivity factor F(T)
resulting from an Arrhenius law

o[ £(1 1))

The quantities Uyef, Irer, and Prer = Uyetlier denote reference values for voltage,
current and power, respectively. The homogeneous steady states of the device are
given by equilibria of the global heat balance equation expressing that the dissipated
Joule power Q = IU equals the heat loss Q1 = G)%h(T —T,) to the surrounding
described by the thermal resistance Oy,

1 U\
3 — (T -1, :Pref(> F(T).
3 o (T-T)=Pu(g-) FO)
The self-consistent current-voltage characteristic including self-heating parametrized

by the temperature T' > T, is obtained by combining Eqgs. and ,

T—T,\ = .
4 T) = U, F(T) &+,
(4) U(T) =1, f<®thPref) (T)~ =+
T—T,\ a1 )
I(T) = L. F(T)a+,
(5) (T) f<@thPref) (T)=+

Different points on the self-consistent current-voltage characteristic correspond to
different values of the temperature rise T'— T,. The differential resistance of this
S-shaped curve has the form

(©) AU 1—(T-T,) gz nF(T) U
dI o+ (T-T,) S mF(T) I

For T — (4% In F(T))~! > T, a region of negative differential resistance (NDR) is
obtained. In the Arrhenius type temperature dependence Eq. a NDR region
only appears for activation energies E, > 4 kpT,. This can be seen in Fig. [I| where
the self-consistent IV curve of such an intrinsic device is shown for an isothermal
Ohmic current-voltage relation (a = 1, Uyer/Iref = 2000 Q) The turnover points of
the S-shaped IV curve are characterized by the condition % = 0. For F, > 4kgTy,,
irrespective of the exponent « in Eq. , the temperature increase ATy o =T 21T,
at the two turnover points becomes

AT\, B, AkpT,
(7) AT (1; 1 Ea> 1.

The temperature rises at the turnover points depend only on the normalized ac-

tivation energy, E,/(kgT,). Along the S-shaped current-voltage characteristics,

two stable branches exist: a highly conducting 'ON’ state and a low conducting

'OFF’ state, whereas the intermediate NDR region is unstable, see Fig. This

bistable behavior of the IV characteristic is related to thermal switching at the

turnover points with dI/dU — oo, involving a hysteresis loop [I7, Ch. 6.2], where
2
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FIGURE 1. Self-consistent current-voltage characteristics includ-
ing self-heating (red), revealing that thermal switching can only oc-
cur above the critical value of the activation energy, E, > 4 kpT,.
Unstable NDR regions are indicated by dashed lines. Thermal re-
sistance O, = 1000 K/W. Blue: linear isothermal current-voltage
relation at ambient temperature 7T,,.

the switching between the low conductivity OFF and the high conductivity ON
branches occurs.

The IV characteristics of the intrinsic device showing the pure S-shaped NDR
(S-NDR) behavior described by Egs. and together with a load resistance
Ry, in series can again be parameterized by an increased temperature T' > T,. The
resulting characteristic (Uiot(T'), I(T')) involves a modified total voltage along the
load line Uiot(T) = U(T) + RLI(T), where U(T) and I(T) are defined in Egs.
and 7 respectively. Turnover points are characterized by % + Ry, = 0,
corresponding to a tangency condition for the intersection points between the load
line and the IV characteristic of the S-NDR element itself [I7, [6, Ch. 6.2]. For
sufficiently small load resistance, namely for — min % > Ry, the hysteresis effect
is preserved, so that thermal switching between the ON and OFF states remains
possible. The impact of a load resistance on the IV characteristic of the circuit is
shown in Fig. 2 for a device with linear isothermal IV relation (o = 1, Uyet/Irer =
2000 Q2).

By an appropriate choice of the load resistance, it may be possible to reduce the
dissipated power in the ON state to a value that does not destroy the device by ther-
mal runaway, but still preserving thermal switching. Further increase of the load
resistance suppresses thermal switching (Ry, > 55(), but leads to a stabilization
of the NDR region present in the intrinsic device [I7, Ch. 6.2]. For large voltages,
the behavior is asymptotically dominated by the load resistance, see Fig.

A suitable test structure requires an organic material with a sufficiently large
conductivity, an activation energy E, > 4 kgT,, thermal stability up to rather high
temperatures, and negligible influence of injection barriers. Moreover, the thermal
resistance Oy, must lead to a substantial increase of the device temperature at
moderate voltages.
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FIGURE 2. Current-voltage characteristics of an electrical circuit
consisting of a device including self-heating, together with a load
resistance Ry, in series (red), for E, = 8 kgTy, a thermal resistance
O, = 1000K/W, and different values of the load. The dashed
parts indicate the NDR region of the intrinsic device as shown in
Fig.[l] Blue: linear isothermal current-voltage relation at constant
temperature T, black dotted: load resistance only.
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FIGURE 3. Measurement of the current at U = 1.0V over tem-
perature, revealing an activation energy of £, = 7.8 kgTp.

All these requirements are perfectly met by nin-Cgg crossbar structures grown
on glass substrates, employing 20 nm thick n-doped Cgg (n-Cgp) layers adjacent
to the metallic contacts, an intrinsic layer (i-Cgg) with a thickness of 200 nm in
between, and a relatively small active area of about 0.06 mm?. Details of the sample
geometry have been published elsewhere together with the measured and simulated
temperature distribution in the device [I8].

From conductivity measurements in the temperature range from 200 K to 300 K,
we have obtained an activation energy of 7.8 kgTy, Tp = 293 K, sufficiently large to
allow for thermal switching, compare Fig.[3] In these measurements, the voltage is
kept fixed at a rather low value of 1 V in order to avoid self-heating. Please note
that the activation energy is not an intrinsic feature of the Cgo material, but rather
depends on the entire device geometry.
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FIGURE 4. Thermal switching measured during a voltage sweep
upwards and downwards. For comparison, an isothermal current
voltage characteristic is measured by applying short voltage pulses.
The sample is cooled to T, = —52°C (221 K).

Since thermal switching is accompanied by a large increase of the sample tem-
perature, it was found convenient to reduce the ambient temperature to a value of
T, = 221 K by a Peltier cryostat. The resistance of electrodes and measurement
setup is about 7 [I8] and is increased by an additional series resistance of 5§ .

The current-voltage characteristics in Fig. [4] are measured in a voltage sweep
from 1V to 3V and back, with voltage steps of 5mV held for time intervals of
0.15s using a Keithley SMU 2400. At a voltage of 2.80V, the circuit switches from
the low conductivity OFF state to the high conductivity ON state. As long as
we apply sufficiently large voltages, the system stays on the upper branch, but at
2.57V it switches back to the OFF state, with a pronounced hysteresis between the
two switching voltages. The thermal character of the switching becomes obvious
when comparing to a measurement with short voltage pulses (Keithley 2635A, pulse
width: 200 s, repetition time: 200 ms). In this measurement, the curve can simply
be described by a power law with an exponent o = 2.75, Uper =23V and o = 1 A
in Eq. , without any signature of an increase in sample temperature.

The theoretical approach outlined above can be used to assign the key param-
eters of our device. Applying Egs. and together with a load resistance, we
obtain the best agreement between measured and calculated current-voltage char-
acteristics when assuming an activation energy of £, = 8 kg Ty = 10.6 kg1, in good
agreement with the value obtained for a fixed value of U = 1 V, a load resistance
of Ry, = 11.2Q), and a thermal resistance of O, = 1145 K/W, see Fig. The
thermal resistance is in the same range as a value of about 1000 K/W obtained by
simulations of the heat flow [18].

Our fitting procedure demonstrates that the bistability is a natural consequence
of the thermally activated conductivity in the organic electronic circuit. Residual
deviations between theory and measurement along ON state at a voltage about
2.6 V maybe due to the simplifying assumption of homogeneous steady-states. Af-
ter switching back to the OFF state, the voltage sweep downwards reproduces the
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FIGURE 5. Current-voltage characteristics as a function of the
potential drop over the organic S-NDR element recovered by sub-
tracting the voltage drop over the load resistance Ry, showing the
switching along the load line. The dashed line is a guide to the
eye for a load line corresponding to Ry, = 11.2€2. The highest
temperature achieved is about 178°C, or 230 K above the ambient
temperature in the Peltier cooler.

previous sweep upwards, indicating that the device has not been damaged by pass-
ing through the entire hysteresis loop. Possible influences of a phase change of the
organic material, e.g. a transition from a simple cubic to a face-centred cubic lat-
tice structure at 251K, compare [I9], can be excluded because we cannot observe
any deviation of the conductivity from Eqs. () and (5]). Changes of charge carrier
concentration due to impact ionization at high electric fields can be neglected since
they cannot contribute significantly at voltages below 3 V [20].

Consequently, the conductivity switching can be completely explained by purely
thermal effects, revealing that nin-Cg devices constitute an interesting model sys-
tem for further studies of thermally induced bistability.

The S-shaped IV curve of thermistors possesses an NDR region induced by self-
heating. We are not able to measure the IV characteristic of the S-NDR element
directly since a certain series resistance is already included within the device and
measurement setup. Typically, such measurements are realized by a high load
resistor which stabilizes the NDR region and prevents thermal switching. To recover
the pure IV curve of the organic S-NDR element we use the load line to subtract the
voltage drop over the load resistance Ry, = 11.2 (2 as determined by the fit to theory
before. In Fig. [5| the measured current is plotted as a function of the recalculated
voltage drop over the crossbar structure. While switching into the ON state along
the load line, the device exhibits a NDR, resulting in a strong reduction of resistance
by a factor of more than 100. By using the analytical expression underlying the
fit of the experimental data, we can estimate the temperature at each point on the
curve. As the highest temperature, we obtain 178°C, still significantly below values
of more than 200°C obtained when stressing similar devices at even higher voltages
[18].



In conclusion, for organic semiconductors we have demonstrated thermal switch-
ing and a pronounced hysteresis loop as a natural consequence of the bistability
induced by a S-shaped IV characteristic. A significant impact of further phenom-
ena like phase changes, device degradation, or electronic effects like field ionization
can be excluded, making these easy-to-build Cgg-crossbar structures an ideal model
system for studies of thermal runaway phenomena. Since almost all organic semi-
conductors show Arrhenius-like conductivity laws, our results have a significant
impact on various types of organic devices, including OLEDs, OFETSs, and high-
power rectifying diodes. Even in cases where thermal switching is inhibited by a
large series resistance, self-heating can lead to a negative differential resistance, so
that all organic devices with sufficiently large activation energies have to be under-
stood as thermistors. This implies that the positive feedback between temperature
and conductivity has to be considered in device simulations together with an anal-
ysis of the heat conduction away from the organic circuit. As will be discussed
elsewhere in more detail, we observed S-NDR in OLED devices, enhancing the spa-
tial inhomogeneity of power dissipation and light emission in OLED lighting panels
[21]. Moreover, self-heating can promote current filaments [22], [T1] or other spatial
inhomogeneities [I7], so that three-dimensional simulations of transport through
organic materials with negative differential resistance will become mandatory for a
deeper understanding of charge and heat transport.
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